Over the next few years, various genome projects will sequence many new genes and yield many new gene products. Many of these products will have no known function and little, if any, sequence homology to existing proteins. There is reason to believe that a rapid determination of a protein fold, even at low resolution, can aid in the identi®cation of function and expedite the determination of structure at higher resolution. Recently devised NMR methods of measuring residual dipolar couplings provide one route to the determination of a fold. They do this by allowing the alignment of previously identi®ed secondary structural elements with respect to each other. When combined with constraints involving loops connecting elements or other short-range experimental distance information, a fold is produced. We illustrate this approach to protein fold determination on 
Introduction
Current efforts directed toward sequencing the complete genomes of various species are producing results at an astonishing rate. Many of the identi®ed genes code for proteins with no known function, and have a low level of sequence homology to previously characterized proteins.
1,2 Structural genomics provides a route to functional characterization by ®rstly obtaining the three dimensional structures of large numbers of representative proteins. 1, 3, 4 Various computational methods would then be used to predict speci®c activities or other properties of biological interest. 5 ± 9 The challenge arises in the shear number of structure determinations which must be undertaken. Here we discuss one approach that can help meet this challenge.
Nuclear magnetic resonance spectroscopy (NMR) provides a means of obtaining structural information that complements X-ray crystallography by being applicable in solution to proteins that may be resistant to a crystallographic approach. Traditional NMR techniques for the determination of macromolecular structure, however, are not well suited to genomics applications because of the vast amount of time required to produce a structure. These methods rely heavily upon re®nement against distance constraints obtained from NOE measurements. Because of the steep distance dependence (1/r 6 ), and resultant short-range character of NOEs, critical fold determining constraints often come from side-chain to side-chain contacts in the hydrophobic core of proteins. This results in the requirement that the vast majority of all observed resonances in the NMR spectrum are assigned, including those at the very extremes of amino acid side-chains. Much of the time involved in determining a structure is consumed during the resonance assignment and NOE identi®cation stage. Software is currently available that can at least partially automate these stages; 10 ± 16 however, the minimum set of experiments that must be performed in order for these routines to work reliably can often require well over a month of data acquisition. With the number of samples expected in any sort of high throughput genomics application, a more rapid means of extracting structural information is required.
Recently developed NMR methodology based on the measurement of residual dipolar couplings in partially ordered media can provide an alternative means of rapidly obtaining structural information. 17, 18 Residual dipolar couplings complement NOE data in that they provide angular restraints that can be used to orient remote structural elements in a protein, even when the intervening distance is too great to allow a determination using NOE-based methods. 19 ± 22 One can think of any reasonably rigid piece of a protein as a structural element; in particular, regular elements of secondary structure, such as a or 3 10 -helices, b-sheets, and reverse turns, can serve as these elements. The identi®cation of these elements can be done relatively easily from short and intermediate-range NOEs involving backbone protons, or directly from the experiments needed to make sequential backbone resonance assignments. 23, 24 Once the secondary structural elements are identi®ed and backbone resonance assignments are made, residual dipolar couplings adequate for fold determination can be measured using backbone resonances alone. Here, we focus entirely on those residual dipolar couplings which exist between amide protons and directly bonded amide nitrogen atoms ( 
where g i and g j are the gyromagnetic ratios of the ith and jth nuclei, r is the distance between nuclei i and j, and y i is the angle between the internuclear vector and the magnetic ®eld (see Figure 1 ). The angle brackets denote a time average; in isotropic solution the angular term averages to zero and dipolar couplings are not observed, but if the sample is partially oriented we can measure a residual dipolar coupling which manifests itself in a manner similar to scalar couplings. Provided the measurement of at least ®ve independent residual dipolar couplings per structural element can be can be made, the preferred orientation of all elements can be determined. An order matrix approach proves convenient for determination of element orientation. 25 The angular term in equation (1) can be rewritten as:
where f ik is the angle between the kth internuclear vector and the ith axis of an arbitrarily chosen coordinate frame and S ij are Saupe order parameters. These are given by:
where y H i is the angle between the ith axis of our arbitrarily chosen frame and the magnetic ®eld, and d ij is the Kronecker delta function (Figure 1) .
The order matrix parameters, only ®ve of which are independent, can be determined from a set of measured couplings and the assembled order matrix diagonalized to give three Euler angles relating a secondary structure element to its principal alignment frame and two principal order parameters describing the extent and asymmetry of order (S zz and Z (S yy ÀS xx )/S zz , respectively). For a rigid molecule, all structural elements must see the same molecular alignment frame; thus, we can orient all rigid elements of a molecule correctly with respect to each other by superimposing their alignment frames. Subsequent translation of elements to satisfy a minimum set of distance constraints produces a backbone structure, or protein fold.
We demonstrate the above approach on 15 N labeled Escherichia coli acyl carrier protein (ACP), a 77-amino acid protein that carries a phosphopantetheine prosthetic group at Ser36. ACP is one of the most abundant soluble proteins in E. coli, shuttling growing acyl chains during fatty acid biosynthesis, as well as serving as an acyl chain donor for a variety of enzymes and cellular processes. 26, 27 We also illustrate a variation of our method which makes use of a much larger number of dipolar couplings on 13 C, 15 N doubly labeled NodF protein from Rhizobium leguminosarum, a 92-amino acid protein. NodF, combined with the NodE gene product, is required for the biosynthesis of hostspeci®c, polyunsaturated fatty acids which are used in the production of lipochitin oligosaccharide signals for symbiotic root nodulation on host plants. 28, 29 NodF also has a relatively high level of homology with ACP, especially around the prosthetic group attachment site (S36 in ACP, S45 in NodF), and, in fact, chimeras of the two proteins which retain acyl donor activity have been produced. 30 Thus, structural comparison of these two proteins is of some interest.
Results
For ACP, both sequential and NOE assignments have been previously reported based upon both homonuclear and heteronuclear experiments. 31 ± 33 In a test of an ability to make assignments and identify secondary structural elements using a minimum of data sets, we examined 15 N-NOESY-HSQC 34 and HNHA 35 scalar coupling data sets. Only 1 H- 15 N amide pairs that could be identi®ed as being sequentially connected and belonging to a particular type of secondary structure (a-helix) were used in subsequent analyses. In general, the appearance of strong H N -H N connectivities in combination with i to i 3 and i to i 4 H a -H N correlations or a small value of 3 J HNHA were deemed adequate for this conclusion. Connected H N resonances were assigned to sequence speci®c positions based on restriction to particular amino acid types using previously reported RELAYED-COSY data. 31 In a modern application the RELAYED-COSY data would be replaced with data from a 15 N-TOCSY-HSQC experiment. As an example of the proceedure, a stretch of ®ve connected amino acid residues Gly-X-X-X-Gly was unambiguously assigned to residues 12 through 16 of ACP, as this is the only stretch of the primary sequence which has two glycine residues separated by three intervening amino acid residues. Similarly, the two consecutive alanine residues at residues 67 and 68 in helix 3 are unique in the primary sequence. The three helices identi®ed and used for the ®nal fold determination ran from Ile3 through Glu13, Leu37 through Asp51, and Val65 through His75. Except for truncation of the ®rst helix by two residues, these correspond to helices identi®ed in the original structural analysis. 32, 36 For NodF, initial assignments and identi®cation of secondary structural elements had been previously reported using 15 N-edited NOESY, TOCSY, and HNHA experiments. 37, 38 This actually corresponds to a modern minimal set of experiments for a 15 N-labeled protein, and only these experiments were used in the initial backbone assignment. Total data acquisition time was approximately ®ve days on a 4.5 mM sample using a 500 MHz spectrometer for this original set of experiments. Because we had a doubly 13 C, 15 N labeled sample of NodF and wished to illustrate our approach using a broader range of dipolar couplings, we also assigned the backbone resonances using standard triple resonance methods. 39, 40 HNCACB, CBCA(CO)HN, and HNCO experiments were run on a 2.5 mM sample at 600 MHz, requiring a total of roughly two days of instrument time in this recent application. A small number of inconsistencies were found when compared with the original assignments, nearly all of which were at the termini of the protein or in extended loop regions. The identi®cation of helical regions was unaffected and these are used as rigid structural elements for the determination of a fold. The complete set of corrected backbone resonance assignments is given in Table S1 of Supplementary Material. The helices in NodF used for fold determination ran from Leu5 through Val17, Leu46 through Leu58, and Asn76 through Gly86.
Spectra containing dipolar coupling information were obtained for both ACP and NodF in phagecontaining media. 41 Details of the spectral acquisition and the extraction of dipolar couplings are given in Materials and Methods. Examples of some of the spectra recorded can be found in Supplementary Material. The residual dipolar couplings used in the orientation of helical segments of ACP and NodF, along with those NOEs subsequently used in fold determination, are listed in Tables 1 and 2 Analysis of dipolar couplings in terms of a structure was pursued using an order matrix-based program, Orderten SVD. 20 The program ®nds a set of allowable solutions (typically 20,000, requiring less than one minute) by selecting couplings from a normal distribution about the input values, solving a set of equations as given in equations (1) and (2), generating and diagonalizing an order matrix, and keeping any solutions consistent with the original data. Solving the set of linear equations resulting from equations (1) and (2) also requires knowledge of a local structural element so that angles f i can be calculated. Local structures used were idealized Determination of Protein Folds polyalanine a-helices generated using standard backbone torsional angles. 42 The set of allowable solutions coming from Orderten-SVD is plotted as a distribution of points on Sauson-Flamsteed plots, as shown for the ACP data in Figure 2 . The red, black, and blue spots depict the direction of the axes (z, y, and x, respectively) of the principle alignment frame as seen from each helical element. The spread of solutions gives an approximate picture of the precision with which the alignment frame can be determined. Since dipolar coupling data from a single aligning medium cannot detect inversion of axes, two clusters of solutions appear 180 apart for each of the axes. This is commonly known as the inversion problem; 43 four order frames which differ only in the signs of pairs of axes are allowed. The correct frame can be selected either by using a second aligning medium, 43 or by seeking consistency with other experimental distance information. Since the same set of coordinates was used as input into Orderten-SVD for each helix, the Sauson-Flamsteed projection of the order tensor frame for each helix qualitatively depicts the relative orientation of each 
2.0 B. NOEs and distances used to position helices in Figure 2 . Output from the Orderten-SVD program for the helices of ACP. The various spots correspond to the axes of the principle axis system which is de®ned by the molecular alignment frame for each helix and are displayed as Sauson-Flamsteed projections. 
. NOEs and distances used to position helices in POSE
fragment. In the case presented, positions of axes, and in particular the z axis, which corresponds to the direction of highest order, do not appear to be very different when viewed from these standard helices. Therefore, the helices must be nearly parallel, and only small rotations are needed to superimpose order frames for molecular structure assembly. Before rotating the individual helices into the correct order tensor frame as determined by Orderten-SVD, solutions were ®ltered for a consistent set of principal order parameters among the three helices. These turned out to be S zz between À0.001 and À0.0015 and Z between 0.65 and 0.9. The correctly aligned helices were then used as input to the program POSE for the determination of a backbone fold. This program was written to translate each rigid structural element through a set of grid points in order to ®nd positions which satisfy a small number of experimental distance constraints that include NOE-derived distances, an approximate maximum extension of intervening loop regions, and the minimum distances for van der Waals contact. All NOE constraints are set to a distance slightly larger than that normally used in more traditional methods (6-7 A Ê versus 5 A Ê maximum), mainly to account for any deviations between true local structures and the idealized polyalanine helices used in our fold determination protocol. For NOEs which involve side-chain protons (in the case of ACP we use some NOEs to the ring of Phe50), the position of the NOE is set to that of the corresponding methyl group in the idealized helices, and an additional 2-3 A Ê is added to compensate for the difference in side-chain extension. A complete list of the NOE distance constraints used for ACP is given in Table 1B . Loop distance constraints were set explicitly to a maximum of 2.5 A Ê times the number of intervening residues. The program repeats the translational search for each of the four possible orientations of each structural element. All solutions which satisfy the data are recorded by the program for analysis.
The ®nal backbone fold for ACP is depicted in Figure 3(a) ; for comparison, Figure 3 (b) shows a previously determined NOE structure of ACP (PDB ID: 1ACP) in approximately the same orientation. 36 The fold is the average of an ensemble of approximately 900 structures with an RMSD of 2.5 A Ê . A second set of solutions was also produced, but it did not correspond to a closely packed structure and was discarded. In addition to positioning the three helices, we have managed to collect enough dipolar coupling data to orient a type I reverse b-turn, from residues Thr23 to Ala26, located in the very long loop region between helices 1 and 2 in ACP. We were only able to observe a single NOE, which was insuf®-cient to position this small (four-residue) polypeptide unambiguously with respect to the helices in three-dimensional space; however, one of the four allowed orientations is within approximately 15 of the orientation of this turn in the original structure. 36 The backbone fold of NodF can be seen in Figure 4 . In this case, each helix was treated as three individual, smaller helices of roughly equal length. These were oriented individually using Orderten-SVD and then reassembled back into three longer helices. Splitting the helices into multiple smaller segments was possible for NodF because of the inclusion of 1 This has an advantage in that it allows for a better ®t when the larger structural element deviates from ideality; in fact, splitting the helices was required in this case to get solutions out of Orderten-SVD using reasonable error estimates. The inversion problem did not present any dif®culties when recombining the shorter fragments back into full-length helices; in all cases, only one of the four allowed orientations maintains the correct helical twist. This method does, however, lead deviations from regular helix geometry to concentrate at the reattachment sites. Solutions from Orderten-SVD were checked for a consistent set of order parameters, and all three helices had a set of solutions with S zz ranging from À0.001 to À0.0015 and Z from 0.5 to 0.65. The concatenated helices were then positioned in the program POSE, as previously described for ACP, using the NOE distance constraints shown in Table 2B and loop maximum distance constraints of 2.5 A Ê times the number of amino acid residues in the loop. This yielded a single ensemble of 303 allowable structures with an RMSD for the backbone heavy atoms of 2.3 A Ê . A high-resolution structure of NodF using NOEs in addition to dipolar couplings is currently being investigated but is not yet available for comparison. 
Discussion
In traditional, NOE-based structure determination using NMR, the vast majority of time is spent at the stage of data acquisition and analysis, with the goal being the ability to obtain assignments for resonances that are as complete as possible. This often requires identi®cation of poorly resolved resonances for side-chain protons in addition to sequential backbone connectivities. As a result, it is not atypical to spend more than one month collecting and interpreting data before structure calculations can begin.
In contrast, the backbone assignments needed for the determination of a backbone fold can be done relatively quickly. When a doubly 13 C, 15 Nlabeled sample is available, a backbone walk using HNCACB and CBCA(CO)NH experiments can be performed. 39, 40 Our experiments on a 2.5 mM NodF sample required only two days. When only a singly 15 N-labeled sample is available, assignments come from a pair of 15 N ®ltered experiments, a TOCSY experiment to classify resonances into spin systems and a NOESY experiment to obtain sequential (i, i 1) connectivities, as well as a few long-range connectivities. 23, 44 An HNHAstyle experiment is also run to identify secondary structural motifs from 3 J HNHA coupling constants. 23 Although we used previous assignments in our ACP application, the equivalent experiments on NodF required just over four days.
Most experiments for the actual collection of dipolar coupling data are also straightforward to run and relatively ef®cient in terms of time. 45 ± 49 We actually acquired a number of redundant data sets in these initial applications. However, we can estimate times corresponding to a minimal set of experiments. For ACP, an oriented phase CT-COSY experiment plus the phase encoded 15 HSQCs with four different mixing times would have required only three days. Hence, total data acquisition times can be kept to less than one week with current instrumentation; times should be even shorter using recent advances in NMR hardware.
In order to use our dipolar coupling data to produce a backbone fold, we did have to make a number of assumptions. The ®rst and most important of these is that secondary structural elements conform to an idealized structure. For short polypeptide segments this assumption is good; as shown for NodF, larger elements that deviate from ideality can be broken down into smaller fragments, and then the intact elements can be reassembled. We also assumed that the individual elements are rigid, i.e. that there are no large internal motions. Structure determination by aligning order tensor frames is actually quite tolerant to moderate motions, perhaps even more so than NOE-based methods. In the systems investigated, neither assumption seemed to introduce any severe problems with the ®nal folds.
The accuracy of the backbone folds could be a concern. Figure 3(a) illustrates the average positioning of the three helices of E. coli ACP determined using dipolar couplings and POSE. For comparison, the previously determined NOE structure of ACP is shown in Figure 3(b) . The overall geometry is apparently quite similar. In fact, the RMSD between the backbone atoms in the helices of both structures is slightly less than 3 A Ê , a resolution similar to that of a low-resolution crystal structure. This level of error between structures is remarkably good considering that the C terminus of helix 1 in the original NMR structure (on the right in Figure 3 ) is quite badly kinked and deviates signi®cantly from our assumption of an ideal helix. Furthermore, helix 3 (the central helix in the ®gure) is twisted by approximately 40 about the helical axis. This contributes to the RMSD but does not produce easily visualized departures between the two structures. Hence, a fold description is very well reproduced, while actual positions of backbone atoms may suffer moderate displacements.
We can not make a direct comparison to a structure determined by alternate methods for the NodF protein from R. leguminosarum. However, the structure of NodF can be compared to ACP. NodF yields a bundle of three helices in which helix 1 is anti-parallel to the other two helices, as are the helices in ACP. The similarity is not surprising, as NodF has a reasonably high level of both sequence and functional homology with ACP, especially around the point where the 
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phosphopantetheine prosthetic group is attached (Ser36 in ACP, Ser45 in NodF). In each case this site is in a conserved Asp-Ser-Leu motif and the leucine residue begins helix 2. Furthermore, ACP has a hydrophobic cleft between helices 2 and 3 in which an acyl chain can lie. 50 In both structures a number of hydrophobic residues line the contact area between these helices (F50, I54, A59, V65, A68 and Y71 in ACP; A49, W53, I77, V81, and V84 in NodF), implying that this same motif may exist in NodF.
We can also compare E. coli ACP and NodF to structures of other acyl carrier proteins. One of these is the actinorhodin acyl carrier protein (act ACP) from the polyketide synthase of Streptomyces coelicolor, for which the structure of the apoprotein has been solved using NOE-based methods. 51 This structure also has three helices (residues 7-16, 42-53, and 72-85) arranged in a similar three-helix bundle. Another comparison is with the fatty acid synthase ACP from spinach. The structure for spinach ACP was derived using homology constraints from E. coli ACP combined with a limited set of NOEs. 52 The structure again indicates a three-helix bundle with a number of hydrophobic residues that could provide a site for acyl chain stabilization in the area between the second and third helices. Very recently a crystal structure of the holo-ACP synthetase from Bacillus subtilis appeared which contains an ACP molecule in complex. 53 Here too the general fold of the three major helices seems to be preserved.
In the examples presented, we have dealt only with helical proteins. Application to a wider range of orientable secondary structural elements is of interest. The orienting of a reverse turn in ACP was mentioned in the results, and while there were too few observed distance constraints to correctly position this fragment, it provides some support for application of our method to non-helical structures.
One last issue that remains to be discussed is how useful such a fold can be. Classi®cation of proteins using homology searches has a long history and continues to play an important role today. At low levels of sequence homology, models of backbone structures are the primary result of these methods. Experimental backbone structures can supplement and replace models generated in this way. They can add to, or be searched against in, databases of structural motifs for proteins such as SCOP or CATH. 54, 55 Several tools also exist for comparing features of backbone structures or for extending backbone structures to more complete models; some examples include DALI, WHAT IF, and TOP. 56, 57, 58 One recent tool of note employs``fuzzy functional forms'' (FFFs). 6, 59 FFFs basically de®ne a conserved geometric placement of residues within a set of related enzymes, typically represented by the positions of backbone atoms, which are not necessarily sequential, but tend to lie in or near the active site. An attempt to identify function is then made by searching for this pattern. The target for the search is a backbone structure, usually produced by sequence homology modeling with an accuracy of 4 to 6 A Ê . Our approach produces more accurate structures without the need for homology. Thus, we are optimistic about the potential utility of experimental backbone folds in structural genomics applications.
Materials and Methods
Protein purification and sample preparation 15 N-labeled E. coli acyl carrier protein (ACP) was expressed and isolated using a procedure modi®ed from previously reported methods. 60 ± 62 Brie¯y, ACP was overexpressed in E. coli BL-21(DE3), and the IPTGinduced cells were harvested and frozen. Thawed and resuspended cells were disrupted by sonication, centrifuged, and most other proteins were removed from the resulting supernatant by the addition of ammonium sulfate to a ®nal concentration of 0.37 g/ml. The denatured proteins were pelleted, and ACP was precipitated from this supernatant by adjusting the pH to 3.5 by the dropwise addition of concentrated HCl. ACP was resuspended and treated with 0.2 M hydroxylamine-HCl at pH 9.0 to strip off any acyl chains. The pH was lowered to 6.0 and the protein puri®ed over a Q-Sepharose column (Pharmacia, Piscatway, NJ) using a linear gradient from 0.15 M to 1.0 M NaCl; ACP containing fractions were identi®ed by SDS-PAGE. At this point, E. coli holoacyl carrier protein synthase was expressed and partially puri®ed by batch treatment with DEAE-cellulose (DE-52, Whatman, Clifton, NJ) followed by cation exchange chromatography of the supernatant over an SP-Sepharose column (Pharmacia) eluted with a linear gradient of NaCl from 0 M to 1 M. 63, 64 The resulting crude synthase was used to convert mixed ACP entirely to the holo form using coenzyme A (Sigma, St. Louis, MO) as the phosphopantetheine source. 63, 64 Following incubation of both proteins with coenzyme A, conversion to holo-ACP was veri®ed by SDS-PAGE. Conversion to holo-protein was judged greater than 95 %, and product was recovered from the reaction mixture using a Q-Sepharose column eluted with 0.5 M NaCl. Finally, the holo-ACP containing fractions, as determined by SDS-PAGE, were puri®ed by gel ®ltration HPLC using a TSK-750 column (Bio-Rad, Hercules, CA). 13 C, 15 N NodF was prepared by Dr Otto Geiger as outlined. 37 In short, IPTG-induced cells were harvested, frozen, resuspended, and lysed by passage through a French pressure cell. Ethanol was added dropwise while stirring at 4 C to a ®nal concentration of 50 % (v/v) and the solution incubated for an additional hour. Precipitated proteins were removed by centrifugation and the supernatant dialyzed to remove ethanol. The NodF from the dialysate was further puri®ed using a DEAE-cellulose column (DE-52) eluted with a linear gradient from 0.1 M to 1.0 M NaCl. NodF containing fractions were determined using SDS-PAGE.
Pf1 bacteriophage, used as an orienting medium for NMR experiments, was prepared as outlined. 41, 65 Pseudomonas aeruginosa was grown on LB to an A 600 of $1.0, infected with Pf1, and grown for an additional 16 hours. Host cells were removed by centrifugation and the Pf1 precipitated by adding 60 g/l of NaCl and 20 g/l of PEG-8000 while stirring on ice. The phage was collected by centifugation. Phage was then puri®ed by ultracentrifugation using a KBr density gradient; a step gradient from 20 % to 50 % KBr (w/v) was used, with the phage loaded in the 20 % layer. After centrifugation, the visible faint blue band of phage near the middle of the gradient was carefully extracted by syringe and then extensively dialyzed against TE buffer (10 mM Tris, 1 mM EDTA (pH 7.0)) to remove KBr. Finally, Pf1 was pelleted by ultracentrifugation and the pellet stored at 4 C until needed.
Final NMR samples of ACP and NodF were obtained by concentrating and exchanging buffer using Centricon-3 devices (Amicon, Beverly, MA).
15
N holo-ACP samples were 25 mM bis-Tris in 10 % 2 H 2 O, 90 % H 2 O (pH 6.0), containing 10 mM CaCl 2 for protein stability (protein concentrations were 2 mM isotropic and 1 mM aligned). 13 C, 15 N NodF samples were 200 mM potassium phosphate in 10 % 2 H 2 O, 90 % H 2 O (pH 6.1) with no other salts present (protein concentrations were 2.5 mM isotropic and 1 mM aligned). Trace amounts of sodium azide were added to all samples as a preservative. Alignment of samples for the observation of dipolar couplings was achieved using Pf1 ®lamentous bacteriophage. 41 Samples with the correct volume and buffer conditions were lyophilized and then rehydrated with enough aqueous phage to give a 2 H 2 O quadrupolar splitting of 12-18 Hz (approximately 20 mg/ml phage).
NMR spectroscopy
All NMR spectra were acquired on Varian Inova spectrometers operating at 500, 600, or 800 MHz and equipped with 5 mm triple resonance gradient probes. Experiments run on each sample for both assignment and the observation of couplings, including experimental conditions, are listed in Table 3 ; examples of some of the spectra can be found in Supplementary Material. ACP side-chain assignments and 3 J HNHA scalar couplings were previously reported by Prestegard and co-workers using different, COSY based methods and are not reported again here. 31, 32, 36 Peak positions were determined and intensities or volumes were measured using the routines built into the software package Felix (MSI, San Diego, CA).
Measurement of scalar and residual dipolar couplings
A large number of different couplings were measured for the determination of a backbone fold; we brie¯y present here the methods by which couplings can be extracted from the various NMR spectra used.
1 J NH and 1 D NH couplings were measured in two ways. A coupling-enhanced HSQC experiment was used, 66 in which the couplings can simply be measured by dividing the difference of two peak centers by two. For our purposes, measuring the couplings from the positions of peak maxima, as interpolated by Felix, has a high enough level of precision (on the order of AE1.0 Hz). A phase-encoded HSQC experiment was also used. 45 In this case, two different spectra are acquired in an interleaved fashion with the coupling modulated by either a sine or cosine function during the evolution time, T. The coupling can be extracted using the following formula:
where ÁJ is the difference between the true scalar (or dipolar) coupling and an experimental tune frequency (typically 93-95 Hz for 15 N-1 H couplings) and V sin and V cos are the volumes of the peaks in the sine and cosine experiments, respectively. Errors on the measurement of couplings using this method were typically less than AE0.5 Hz.
3 J HNHA couplings were measured using either an HNHA experiment 35 or CT-COSY 46 experiments. For the HNHA experiment, the couplings can be extracted from the intensities of the auto-and cross-peaks using the following relation 35 : Here J is once again the scalar or dipolar coupling being measured, I cross and I auto are the cross-peak and autopeak intensities, and T is constant time during which the coupling evolves. Because intensities are dif®cult to measure as volumes for the antiphase cross-peaks, two values of T were used, which allowed a scaling factor to be introduced in equation (6) so that peak height ratios could accurately represent intensity ratios. In the case of doubly 13 C, 15 N labeled NodF, we measured an additional set of couplings involving 13 C. C a H a couplings are measured using a J-modulated constant-time HSQC experiment. 47 In this experiment, intensities of the observed peaks are proportional to a cosine function:
in which T is the constant time required to refocus undesired carbon-carbon couplings and Á is a slight change to this delay which modulates the intensities of the observed peaks. In actuality the coupling is extracted by optimizing the ®t of the cosine function to a number of intensities from a set of experiments run with different values for Á. 
Fold determination
For the determination of a protein backbone fold, the molecular orientation frame (also called the principal alignment frame) for each rigid fragment was determined by singular value decomposition using the program Orderten-SVD. 20 In the case of ACP, each helix was treated as a single rigid entity; in determining the fold of NodF, each helix was split into three pieces with roughly equivalent numbers of couplings for each smaller fragment, followed by reassembly of the fragments back into full-length helices. The starting coordinates for A.
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each fragment came from an idealized polyalanine starting structure generated using standard values for the backbone f, c, and o torsion angles. 42 The molecular fragments were rotated such that the principle axis systems of each of their orientation frames were coincident.
The oriented fragments were translated with respect to each other in three-dimensional space using a new program, POSE (positioning of structural elements) and a minimal set of NOEs (two to three distance constraints per rigid element, see Tables 1 and 2 ). The program will be made available on our website: http://tesla.ccrc.uga.edu. A general outline of how the program works is given in the¯owchart in Figure 5 . Brie¯y, any two of the correctly oriented structural elements are provided as input to the program along with a list of NOEs and other distance constraints (for example, a short three or fourresidue loop would force two elements which pack closely together into an anti-parallel orientation). One of the atoms involved in an NOE is chosen as a starting point, and a spherical grid of possible solutions to that NOE is generated about it. The second element is then translated so that the atom connected by the NOE superimposes on the ®rst point of the grid. A check is made to assure that any remaining NOEs and other distance constraints are satis®ed, and then an additional check is made for van der Waals collisions between every possible pair of atoms. If there are any violations of distance constraints or close contacts, the solution is rejected; if all conditions are satis®ed, the solution is allowed and written to a ®le. The program runs until all points in the grid are tested, appending each possible solution to the output ®le. If the inversion problem that arises from our inability to distinguish the positive and negative directions for each axis of the alignment frame has not previously been solved using a second aligning medium, 43 the process is repeated for all four allowed inversions of the starting structure of the second element. Up to this point, the entire process required very little computational time (less than two minutes using an SGI Indy with a 150 MHz R4400 processor). In order to position the third helix, the ®rst two helices were combined into a new``®rst'' element, the third helix was added as the``second'' element, and these were used along with an appropriate set of distance constraints as inputs to POSE. In order to assure that we did not throw away any valid solutions, we repeated the process using every allowed solution for the ®rst pair of elements. Additional elements can be added by repeating the entire process in an iterative fashion.
Coordinates for backbone atoms of secondary structure elements in NodF are being deposited in the RCSB Protein Data Bank 68 with accession number 1FH1. 
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